The compression deformation behavior of electrodeposited nanocrystalline copper pillars with average grain sizes (d) of 360, 100, and 34 nm has been investigated as a function of specimen size (D). The yield stress for nanocrystalline pillars with d = 360 and 100 nm does not depend on specimen size, exhibiting essentially the bulk yield stress until the specimen 
Introduction
The control of materials properties is usually made by manipulating materials length scales such as grain size and sample size. Grain refinement is a usual practice in improving strength of materials. In coarse-grained polycrystalline metals, plastic deformation occurs via the glide of lattice dislocations and their interaction with grain boundaries (GBs). Since GBs are obstacles to the initiation of bulk yielding and the subsequent propagation of plastic flow, the yield strength of material increases with the decrease in grain size, according to the well-known Hall−Petch relationship (Hall, 1951; Petch, 1953) . Although there have been a few reports on nano-indentation hardness measurements in which the Hall−Petch relationship still holds true at a grain size of 10 nm (Chen et al., 2006; , the Hall−Petch relationship usually breaks down and the yield strength of material tends to decrease with the decrease in grain size when the grain size is reduced to below 10−50 nm, leading to the emergence of the so-called "inverse Hall−Petch regime" (Chokshi et al., 1989; Detor and Schuh, 2007; Sanders et al., 1997; Schuh et al., 2003; Schuh et al., 2002; Schuh, 2007, 2008) . This has been attributed to the emergence of GB-mediated deformation such as GB sliding (Van Swygenhoven and Derlet, 2001 ), GB migration (Gianola et al., 2006; Legros et al., 2008; Rupert et al., 2009 ) and grain rotation (Shan et al., 2004; Wang et al., 2008) at these small grain sizes.
While these grain size effects are observed in bulk specimens where the sample dimension is sufficiently large, sample size effect, another type of size effect, has recently attracted considerable attention not only for the importance in the medical and microelectronics industries but also for fundamental understanding of the underlying deformation mechanisms. When the sample size is decreased, the strength of single-crystal pillar samples with the size of tens of micrometers or less has been known to increase according to the power law scaling with the power exponent values not significantly varying from material to material for fcc (face-centered cubic) single crystals (Greer and De Hosson, 2011; Kraft et al., 2010; Uchic et al., 2009 ). This behavior has been frequently termed a "smaller is stronger" trend. However, the opposite (smaller is weaker) trend has long been known to occur for coarse-grained polycrystalline metals when the sample size is reduced so that the number of grains contained across the sample cross-section is significantly small (Armstrong, 1961; Hug and Keller, 2010; Janssen et al., 2006; Keller et al., 2011; Miyazaki et al., 1979; Pell-Walpole, 1943; Thompson, 1974) . For many different fcc metals and alloys with the average grain sizes ranging from tens to hundreds of micrometers, the flow (yield) stress is reported to decrease with the decrease in sample size when the ratio (t/d) of sample size (thickness of the plate specimen (t) to average grain size (d)) is smaller than a critical value. The critical values, ((t/d)*), are reported to be in the range of 3−15, depending on grain size and stacking fault energy (Armstrong, 1961; Hug and Keller, 2010; Janssen et al., 2006; Keller et al., 2011; Miyazaki et al., 1979; Pell-Walpole, 1943; Thompson, 1974) . For Cu, the critical (t/d)* value is reported to increase from 5 to 13 when the grain size decreases from 140 to 16 μm (Miyazaki et al., 1979) .
Then, a question arises as to how the mechanical properties vary with specimen size when the grain size is reduced considerably to the nanometer size range so that the glide of lattice dislocations is no longer the dominant deformation mechanism. This question arises from the expectation that two different size effects, grain size (intrinsic) and sample size (extrinsic) effects, may couple with each other in pillar compression tests of nanometer-sized polycrystalline metals. The results recently reported on this are indeed controversial. Jang and Greer (Jang and Greer, 2011) have observed a "smaller is weaker" trend in 60 nm-grained Ni polycrystals in pillar compression/tensile tests and found the sample size dependent weakening occurring at the (D/d)* value in the range of 15−30 where D is the pillar diameter.
Gu et al. (Gu et al., 2012) have also observed a similar "smaller is weaker" trend in 12 nm-grained Pt polycrystals in pillar compression tests with the (D/d)* value in the range of 5−10. In contrast, Warthi et al. (Warthi et al., 2013) and Chen et al. (Chen and Ngan, 2011) observed an opposite 'smaller is stronger' trend in Ni nanowires and Ag microwires, respectively. Each of these studies was made with polycrystalline samples only with a fixed grain size, and nothing is known about how the softening (or strengthening) behavior is affected by the grain size and how the critical (D/d)* value varies with the grain size, as known for many fcc metals and alloys with the average grain sizes ranging from tens to hundreds of micrometers (Armstrong, 1961; Hug and Keller, 2010; Janssen et al., 2006; Keller et al., 2011; Miyazaki et al., 1979; Pell-Walpole, 1943; Thompson, 1974) .
In the present study, we investigate the compression deformation behavior of pillar specimens made from electrodeposited nanocrystalline Cu with three different average grain sizes ranging from 34 to 360 nm, in order to better understand the softening (or strengthening) behavior as a function of sample size and the ratio (D/d) of sample size (D) to average grain size (d).
Experimental methods
Nanocrystalline Cu films with a thickness of about 300 μm were prepared by pulsed electrodeposition in a plating bath composed of 0.72 mol/L copper sulfate (CuSO 4 -5H 2 O), 1.3 mol/L sulfuric acid (H 2 SO 4 ), 5 mg/L gelatin and 0−67 mg/L thiourea (CH 4 N 2 S) with strips of stainless steel and Cu (3N purity) used respectively as the cathode and anode. The pulse width used was 1 second with the peak current density of 0.160 A cm -2 followed by a pause of 1 second. Gelatin was added in order to maintain the flatness of the deposition surface while thiourea to hinder the growth of deposited grains. Three different concentrations of thiourea (0, 1.2, and 67 mg/L) were chosen to control the grain size of Cu films. A fresh plating bath was used for each electrodeposition.
Deposited Cu films were sectioned, mechanically polished with SiC paper and then ions during FIB fabrication is considered to be negligible (Greer and Nix, 2006; Greer et al., 2005; Machalett et al., 2000) . Uniaxial compression tests were conducted at room temperature at a constant stress rate of 1−3 MPa/s corresponding to a nominal strain rate of 3×10 Slices were mounted on a lacey carbon TEM grid by electrostatically picking-up with a glass filament (lift-out method) (Overwijk et al., 1993) .
Results

As-electrodeposited microstructures
Cross-sectional SEM observations of as-electrodeposited films confirm the microstructural homogeneity across the film and the absence of porosities and microcracks regardless of deposition condition. Although sulfur incorporation is expected due to thiourea additions in the electrolytic bath, the sulfur concentration in the films are below the detection and 100 nm, the yield stress does not depend on specimen size exhibiting essentially the same values as their respective bulk (millimeter-sized) specimen when the specimen size is large.
When the specimen size is small, however, the yield stress significantly decreases as the specimen size is decreased, clearly exhibiting the 'smaller is weaker' trend, as observed in nanocrystalline Ni (Jang and Greer, 2011) and Pt (Gu et al., 2012) . The decrease in yield stress with the decrease in the specimen size is significantly large; the yield stress values obtained for the smallest specimen size is as small as about one forth that for their bulk values This is in agreement with the results by Chokshi et al. (Chokshi et al., 1989 ) that grain size-induced softening occurs below 50 nm for Cu. (Fig. 6(a) ) or larger (13.5 μm) ( Fig. 6(b) ) than the critical size (12.5 μm), below which the yield stress decreases with the decrease in the specimen size. This is consistent with the results of SEM observations that deformation markings presumably parallel to traces on {111} slip planes is observed in each of grains, regardless of specimen size for pillar with d = 360 nm. In contrast, dislocations are hardly observed for deformed pillars with d = 34 nm (Fig. 6(c) ), regardless of specimen size as well as position (interior or surface of the specimen). This is also consistent with the results of SEM observations that deformation markings are hardly observed on the surface of deformed pillars d = 34 nm. This is in agreement with the results by Chokshi et al. (Chokshi et al., 1989 ) that grain size-induced softening occurs below 50 nm for Cu. Although twins (or stacking faults) are observed in some grains as indicated by arrows in Fig. 6 , they may be growth twins but not deformation twins when judged from the density change before and after deformation.
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Discussion
Deformation mechanisms of nanocrystalline Cu
As shown in Fig. 4 , although the yield stress significantly decreases as the specimen size is decreased when the specimen size is small (below the critical (D/d)* values) for pillars with d = 360 and 100 nm, it does not depends on specimen size when the specimen size is sufficiently large for all pillars with d = 360, 100 and 34 nm. Values of bulk yield stress that is independent of specimen size are plotted in Fig. 7 as a function of the inverse square root of grain size for pillars with d = 360, 100 and 34 nm, together with those previously obtained for micrometer-sized Cu (with d = 10−370 m (Miyazaki and Fujita, 1978; Miyazaki et al., 1979) and d = 2−24 m (Yang et al., 2012) ). The values of bulk yield stress for pillars with d = 360
and 100 nm increase with the decrease in grain size according to the Hall−Petch relationship (Hall, 1951; Petch, 1953) so that these data points are plotted very close to the line extrapolated from those obtained for micrometer-sized Cu with d = 2−370 m (Miyazaki and Fujita, 1978; Miyazaki et al., 1979; Yang et al., 2012 ) (Hommel and Kraft, 2001; Sanders et al., 1997; Vӧhringer, 1976) . This is consistent (Miyazaki & Fujita, 1978; Miyazaki et al., 1979; Yang et al. 2012) 100 nm 360 nm together with those for coarse-grained Cu polycrystals (Miyazaki and Fujita, 1978; Miyazaki et al., 1979; Yang et al., 2012) . Deformation mechanisms that operate in pillars with d = 34 nm may be GB-mediated such as grain rotation (Shan et al., 2004; Wang et al., 2008) , GB diffusional creep (Coble creep) (Coble, 1963; Pande and Cooper, 2009 ) and GB migration (Gianola et al., 2006; Legros et al., 2008; Rupert et al., 2009) nm/s) in the GBs when calculated with the GB diffusion coefficient for pure Cu (Kaur et al., 1989) by the equation proposed for the Coble creep (Coble, 1963) ,
where  is the strain rate, δ is the effective GB thickness (assumed to be 1 nm), D gb is the self-diffusion coefficient in GBs, Ω is the vacancy volume, k is Boltzmann's constant, and T is absolute temperature (300 K). Indeed, it has been reported that the dominant deformation mechanism of nanocrystalline Ni is the Coble creep at room temperature (Wang et al., 1997) though the creep rate is smaller than 10 -5 s -1 due to the low GB diffusion coefficient for pure Ni (Kaur et al., 1989) . dependence of bulk yield stress (Asaro et al., 2003; Asaro and Suresh, 2005) . As the grain size becomes still smaller, deformation twinning is sometimes reported to be the dominant deformation mechanism accompanied by a similar d -1 dependence of bulk yield stress, although the grain size dependence is not significant when compared to that for source-limited dislocation glide (Asaro and Suresh, 2005; Zhu et al., 2012) .
Mechanistic model calculation predicts that the transition from dislocation glide to deformation twinning occurs at a grain size of 40−46 nm for Cu (Asaro and Suresh, 2005; Zhu et al., 2012) . As the grain size is further reduced, dislocation glide is no longer the predominant deformation mechanism and GB-mediated deformation started to occur. Coble creep dictates the d 3 dependence of bulk yield stress (Coble, 1963) , so that the bulk yield stress rapidly decreases with the decrease in grain size in Fig. 8 . As is easily recognized from Eq. (1), the bulk yield stress for Coble creep strongly depends on strain rate. When the ) as in nanoindentation (Jiang et al., 2003; Trelewicz and Schuh, 2007) , the curve for Coble creep shifts towards the smaller grain size side, leading to the transition from the normal to inverse Hall−Petch relationships occurring at smaller grain sizes (10-20 nm) (Detor and Schuh, 2007; Erb, 1995; Schuh et al., 2003; Schuh et al., 2002; Schuh, 2007, 2008) . In this case, deformation twinning operates as the dominant deformation mechanism in the lower bound of grain size for the normal Hall− ) (Huang et al., 2006; Sriram et al., 2008) .
Grain-size dependence of the critical size ratio (D/d)*
As seen in Fig. 7 , the values of bulk yield stress obtained in the present study for pillars with d = 360 and 100 nm are found to obey the Hall−Petch relationship, so that these data points are plotted very close to the line extrapolated from those obtained for micrometer-sized Cu with d = 2−370 m (Miyazaki and Fujita, 1978; Miyazaki et al., 1979; Yang et al., 2012) . This strongly indicates that plastic deformation for pillars with d = 360 and (micrometer-sized) polycrystalline metals (Miyazaki et al., 1979) but not with what is reported for pillars of nanocrystalline Ni and Pt by Greer et al. (Gu et al., 2012; Jang and Greer, 2011) , who attributed the softening to the occurrence of the transition in deformation mechanism of surface grains from dislocation-mediated to GB-mediated. In pillars of nanocrystalline Cu with d = 34 nm in which the deformation mechanism is identified to be GB-mediated (Figs. 5(e) and (f), and Fig. 6(c) ) in the present study, however, the specimen size-induced softening is no longer observed.
The critical (D/d)* values, below which the yield stress starts to decrease, are plotted in Fig. 9 as a function of grain size for pillars with d = 360 and 100 nm, together with those obtained for coarse-grained (micrometer-sized) polycrystalline Cu (Miyazaki et al., 1979) and those obtained for pillars of nanocrystalline Ni and Pt (Gu et al., 2012; Jang and Greer, 2011) . as seen in Fig. 9 . This indicates that the specimen size-induced softening extends from micrometer to nanometer scales and confirms again that the softening for these nanocrystalline pillars occurs without a change in the dominant deformation mechanism, but 16 − 140 m (Miyazaki et al., 1979) Grain Size (m) 100 nm 360 nm Pt (Gu et al., 2012) Ni (Jang & Greer, 2011) (Miyazaki et al., 1979) , 60 nm-grained Ni (Jang and Greer, 2011) and 12 nm-grained Pt (Gu et al., 2012) .
with the dominant deformation mechanism being dislocation glide in crystalline grains, as in the case of coarse-grained Cu polycrystals.
The specimen size-induced softening is long known to occur in coarse-grained (micrometer-sized) polycrystals when the ratio of specimen size to grain size is smaller than the critical value, (t/d)* or (D/d)* (Armstrong, 1961; Miyazaki et al., 1979; Pell-Walpole, 1943; Thompson, 1974; Thompson et al., 1973) , and the critical value, below which the yield stress starts to decrease, generally increases with the decrease in grain size for a given material and with the decrease in stacking fault energy (Miyazaki and Fujita, 1978; Miyazaki et al., 1979) . One of the several different explanations for this is as follows. For polycrystals, any grain is constrained to deformation by surrounding grains, because strain continuity must be maintained at the GBs. In order to maintain strain continuity at the GBs, geometrically necessary (GN) dislocations (termed by Ashby (Ashby, 1970) ) must be generated generally in the form of multiple slip, in addition to statically stored dislocations. The probability to find out the source to generate GN dislocations in multiple slip is considered to play a role in determining the critical (D/d)* value, since it determines how many neighboring grains are constrained simultaneously to deformation. Then, it is naturally expected that the probability to find out the source to generate GN dislocations decrease with the decrease in grain size, (Miyazaki et al., 1979) and 2 for d = 2−24 m (Yang et al., 2012) ). This may be explained in line with what is described above for coarse-grained polycrystals, since the dominant deformation mechanism stays dislocation glide. These critical (D/d)* values determined for nanocrystalline Cu pillars in the present study are also considerably larger than those determined for 60 nm-grained Ni pillars (15−30) (Jang and Greer, 2011) and 12 nm-grained Pt pillars (5−10) (Gu et al., 2012) . Since the values of stacking fault energy for Ni (125−250 mJ/m 2 ) (Gallagher, 1970; Hirth and Lothe, 1982) and Pt (322 mJ/m 2 ) (Hirth and Lothe, 1982) are considerably larger than that for Cu (45−55 mJ/m 2 ) (Gallagher, 1970; Hirth and Lothe, 1982) , cross-slip occurs more easily in Ni and Pt, making the generation of GN dislocations more easily. Thus, the smaller (D/d)* values are obtained for Ni and Pt, as experimentally observed in coarse-grained polycrystals (Miyazaki and Fujita, 1978; Miyazaki et al., 1979; Yang et al., 2012) .
Conclusions
(1) The yield stress for nanocrystalline Cu pillars with d = 360 and 100 nm does not depend on specimen size, exhibiting essentially the same values as their respective bulk specimen when the specimen size is large, while when the specimen size is small, the yield stress significantly decreases as the specimen size is decreased. In contrast, the yield stress for nanocrystalline Cu pillars with d = 34 nm does not depend much on specimen size, exhibiting the bulk yield stress value for all specimen sizes investigated.
(2) The value of bulk yield stress for pillars with d = 34 nm is smaller than those for pillars with d = 360 and 100 nm, indicating the occurrence of grain-size induced softening, in agreement with the previous results by Chokshi et al. (Chokshi et al., 1989 ) that grain size-induced softening occurs below 50 nm for Cu. together with those for coarse-grained Cu polycrystals (Miyazaki and Fujita, 1978; Miyazaki et al., 1979; Yang et al., 2012) . (Miyazaki et al., 1979) , 60 nm-grained Ni (Jang and Greer, 2011) and 12 nm-grained Pt (Gu et al., 2012) .
